We examine the functional coupling between articulatory characteristics of prominence, such as articulator speed, and its acoustic characteristics, such as F0 and acoustic energy, for content words (nouns) and function words (e.g., articles, prepositions and conjunctions) using real-time magnetic resonance imaging data. We use Granger causality ideas to test the degree and direction of causal influence between the chosen articulatory and acoustic measures for function and content words. We further apply functional canonical correlation analysis to these measures to understand the covariant behavioral modes of the articulatory and acoustic measures. After controlling for word duration, we observe that articulatory speed generally has a significant causal influence on F0, especially for longer content words, but observe no such effect in the opposite direction. Notably, we do not observe this effect for function words in most cases. We further observe a tighter coupling of canonical weight functions of articulatory speed and acoustic prominence characteristics for the content words as compared to the function words considered. These observations provide support for the hypothesis that prominence realized during content words may result from a close coupling between articulatory and acoustic characteristics such as articulatory speed and F0, with suggestions of a directional causal relationship. 
INTRODUCTION
Speech production is realized through a composition of segmental articulations in space and time by the articulatory system that includes jaw, lips, tongue and larynx. To support human communication, speech is suited with an organized prosodic structure which is encapsulated into the articulatory as well as the acoustic signal [1] . Articulatory correlates of prosodic structure have been increasingly studied in recent research work, e.g., the effects of prosody structure or focal accent of syllables in a word [2, 3] . However, despite a growing body of work on identifying prosodic signatures at the articulatory and acoustic levels, literature on the coordinative spatiotemporal dynamics of articulation and acoustic of prosody remains relatively limited.
In this work, we analyze the relationships between articulatory and acoustic dynamics related to different prosodic characteristics reflected in content and function words. Specifically, we focus on addressing two questions: (1) Do we observe different causal relationships between the articulatory and acoustic correlates of prosody in function and content words, and further, (2) can we quantify the relation between the temporal dynamics of articulatory and acoustic correlates in these two cases?
Recent advances in real-time magnetic resonance imaging (MRI) enable us to capture the movement of the vocal tract in conjunction with the synchronzied acoustic signal during speech production [4] , which provides an ideal technique to investigate the coordination between the articulatory and acoustic dynamics.
ANALYSIS METHODOLGY

Data Corpus and Feature Extraction
We analyzed the read speech of 2 native speakers of American English who spoke 460 sentences while being imaged in an MRI scanner [5] . Spoken responses and MRI videos of vocal tract articulation were recorded and time-synchronized with the audio [6] . We reconstructed the data using a sliding window technique at a rate of approximately 23 frames per second. Since MRI scanners generate a lot of noise, the recorded audio was post-processed using a custom noise-cancellation algorithm [6] before use (Further details, and sample MRI movies can be found at http://sail.usc.edu/span). We then automatically extracted the air-tissue boundary of the articulatory structures in each frame of video [7] .
We obtained word-level alignments of the corpus using SailAlign, a HTK-based phonetic alignment tool [8] . We then used the Stanford Parser [9] to parse all words in the corpus and assigned part-of-speech tags to them. Based on these assignments, each word was classified as either being a content word (nouns) or a function word (e.g., articles, prepositions and conjunctions). In order to remove the confound of word duration in content and function words, we classify all words into three duration categories based on their duration distributions, 0 ∼ 0.25s (C 1 ), 0.25 ∼ 0.5s (C 2 ) and 0.5 ∼ 1s (C 3 ).
For the interval of each word, we extracted the pitch (F0) and short-term energy (E) from the speech signal as the acoustic features. We further applied a median filter to remove the spurious spikes in the pitch and energy estimates. Note that we do not consider unvoiced and silent portions in the sentence in our analysis. We use a 'gradient frame energy' (GFE) measure as the articulatory feature to capture articulator speed in content and function words [10] .
Statistical Analysis
In this work, we use Granger causality (G causality) to test the degree and direction of causal influence between the chosen articulatory and acoustic measures for function and content words. G causality is a statistical technique for analyzing causality of time series based on linear prediction [11] . Given two independent variables X and Y , X "Granger-causes" Y if the joint past information of X and Y can better predict the future of Y than the past of Y alone does.
We further apply functional canonical correlation analysis (FCCA) to understand the covarying behavior of articulatory and acoustic measures. FCCA provides a canonical weight function for each set of time series data such that the projections of the original functional data on its weight functions are maximumally correlated.
ANALYSIS RESULTS
The log magnitude of G causality between articulatory and acoustic measures is shown in Table 1 with statistical significance (p < 0.05), where a slash means no significant G causality. We can observe that both function and content words have the same types of G causality from articulatory to prosodic characteristics in C 1 . In C 2 and C 3 , function words have no relation between GFE and F 0 , suggesting a tighter coupling between articulatory and acoustic measures for content words. In C 3 there's an interaction between GFE and E for both content and function words, i.e., GFE "G causes" E and vice versa. We examine the difference of influence (DOI) showing that all confidence intervals of DOI at 95% significance level contain zero indicating that there's no significant difference between the influence of the two directions. 1 demonstrates the canonical weight functions associated with the correlation coefficients in C 1 -C 3 for content and function words. We can observe that in all cases the leading correlation coefficient of content words is higher than that of function words. We can also observe that the weight functions of articulatory and prosodic characteristics for content words vary in a similary manner, but we do not observe such covarying behavior of the weight functions for function words in most cases. These observations are consistent with those of G causality and provide support for the hypothesis that prominence realized during content words may result from a close coupling between articulatory and acoustic characteristics such as articulatory speed and F0. 
